Epidemiological evidence suggests that cadmium (Cd) exposure causes pulmony damage such as emphysema and lung cancer. However, relatively little is known about the mechanisms involved in Cd at
In the presnt stud,. (8, 9) . It has been proposed that Cd may initiate oxidative damage through the following two pathways: 1) depleting antioxidants such as glutathione and protein-bound sulfhydryl groups and 2) enhancing production of ROS (11) .
On the other hand, there is growing evidence implicating mitochondria as important subcellular targets in xenobioticinduced cell injury, particularly in oxidative cellular damage (12, 13) . The functional changes of mitochondria are usually manifested by the loss of mitochondrial membrane potential (MMP), which can be assessed using a fluorescent cationic dye, as the diffusion of the dye is proportional to the degree of MMP (14) . (15) . At the end of the experiment, an aliquot of medium (0.2 ml) was taken out for measuring extracellular LDH activity. The total LDH activity was determined after cells were disrupted thoroughly using sonication. The percentage of LDH leakage was then calculated to reflect the cytotoxicity of CdCl2.
Measurement of lipid peroxidation. Malondialdehyde (MDA), an end product of lipid peroxidation, was measured to estimate the extent of lipid peroxidation in MRC-5 cells. MDA concentration in cell homogenate was determined using a TBA method as described by Uchiyama and Mihara (16), with modifications. Briefly, at the end of the experiment, cells were collected using a cell scraper and washed with PBS. Cell homogenate (0.5 ml in PBS with 1% SDS) was mixed with 3 ml 1% phosphoric acid and 1 ml 0.67% TBA and heated in boiling water for 60 min. After cooling, 1.5 ml n-butanol was added. After centrifugation, the absorbance of the butanol phase was read at 535 nm and 520 nm. The difference between 535 nm and 520 nm was used to calculate the MDA concentration, which was expressed as nanomoles per milligram protein.
Detection ofROSformation and effects ofantioxidant enzymes. Cd-induced ROS formation in MRC-5 cells was detected by using a fluorescent probe, 2',7'-diclorofluorescin diacetate (DCFH-DA), as described by Shen et al. (17) . DCFH-DA diffuses through the cell membrane readily and is enzymatically hydrolyzed by intracellular esterases to nonfluorescent diclorofluorescin (DCFH), which is then rapidly oxidized to highly fluorescent diclorofluorescein (DCF) in the presence of ROS. The DCF fluorescence intensity is believed to be parallel to the amount of ROS formed intracellularly (18) . The stock DCFH-DA (2 mM) was prepared in absolute ethanol and kept at -70'C in the dark. Cells collected from culture flasks using a cell scraper were washed twice with PBS prior to the analysis. Each fluorescence cuvette contained 0.6 x 105 cells in 3 ml PBS. CdCl2 was added to the cells simultaneously with DCFH-DA (final concentration 2 FM) and incubated at 37°C up to 4 hr. The fluorescence intensity was monitored using a Perkin-Elmer spectrofluorometer LS-5B (Perkin Elmer, Beaconsfield, U.K.) with excitation wavelength at 485 nm and emission wavelength at 530 nm.
The inhibitory effects of CAT (1,000 U/ml) and SOD (500 U/ml) on ROS production were evaluated by the following approach: both enzymes were first preincubated with MRC-5 cells in culture flasks for 6 hr; cells were then collected and washed with PBS for the fluorescence test as described above.
Determination of mitochondrial membrane potentiaL MMP in intact MRC-5 cells was determined using Rh-123, a fluorescent dye. Mitochondria are stained by Rh-123 because of the high negative electrical potential across the mitochondrial membrane, and the diffusion of Rh-123 is directly proportional to the degree of MMP (14 Figure 2A . (Fig. 1B) . In contrast, MDA concentration in the control cells remained constantly at a low level, which is consistent with the changes of LDH leakage in the control cells (Fig.  2B) Fig. 2B ).
The inhibitory effects of CAT and SOD on LDH leakage and MDA formation. Figure 3A shows the inhibitory effects of CAT and SOD on Cd-induced cytotoxic effects in MRC-5 cells. After a 16 hr incubation, the percentage of LDH leakage in the groups with 1,000 U/ml CAT or 500 U/ml SOD was significantly lower than the group treated with CdCI2 (35 pM) only. A similar inhibitory effect was also observed in Cdinduced lipid peroxidation. CAT or SOD significantly reduced the MDA concentration in Cd-treated MRC-5 cells (Fig. 3B) .
Cd-induced ROS formation and the inhibitory effects of CAT and SOD. In this part of the study, intracellular ROS formation was estimated by the changes in DCF fluorescence intensity. Figure 4A shows the dose-dependent increase of DCF fluorescence in MRC-5 cells when incubated with CdCl2 for 4 hr. The time-course changes in ROS production in both the control and Cdtreated MRC-5 cells are presented in Figure  4B . It was found that with 30 min of incubation, the fluorescence intensity in Cd-treated cells was significantly higher than that of the control cells. A nearly 100% increase was noted in the Cd-treated cells compared to the control cells with a 4-hr incubation. The inhibitory effects of CAT and SOD on ROS formation in Cd-treated MRC-5 cells are shown in Figure 5 . CAT (1,000 U/ml) completely inhibited the increase of Cd-induced ROS formation, and the fluorescence intensities in the groups of CAT pretreatment alone and CAT-Cd co-treatment were even significantly lower than that in the control cells.
In contrast, SOD failed to show any inhibitory effects on Cd-induced ROS formation in MRC-5 cells.
Cd-induced MMP changes in MRC-5 cells. Figure 6 shows the dose-dependent changes of Rh-123 fluorescence intensity quantified using a confocal microscope. In addition, the fluorescence images of the control cells and cells treated with the highest CdCl2 concentration (35 pM) are presented in Figure 7 . In the control cells, the Rh-123 fluorescence is located in areas around the nucleus that correspond to the distribution of mitochondria (Fig. 7A) . After a 1-hr exposure to CdCl2, Rh-123 fluorescence intensity increased and appeared diffusely in the cytoplasm, with poorly defined and irregular cell morphology (Fig. 7B) .
Discussion
Evidence has suggested that occupational exposure to Cd causes serious lung damage including emphysema (3, 4) . However, at present, the mechanisms responsible for The reaction took place with 0.6 x 105 cells and 2 pM 2',7'-dichlorofluorescin diacetate in 3 ml PBS. Data are expressed as mean ± SD (n = 5-6).
In the dose-response study, cells were incubated with CdCI2 for 4 hr. In the time-course study, the exposure concentration of (6, (19) (20) (21) . However, most of these studies used kidney/renal cells or testis/testicular cells as experimental models. In the present study, Cd-induced cytotoxicity and lipid peroxidation were studied by measuring LDH leakage and MDA production in lung fibroblasts. Both time-and dosedependent changes of these two parameters were noted in Cd-treated cells (Fig. 1, 2) . Moreover, a close correlation between these two events was also found. Thus, lipid peroxidation may be one of the important events responsible for pulmonary toxicity of Cd. Manca et al. (7, 22) Cd-instillated rat lungs, were also found by Salovsky et al. (23) . In a series of studies of Cd-induced carcinogenesis, Koizumi et al. (8, 9) found that cellular production of H202 one of the main components of ROS, was remarkably enhanced in Cd-treated rat testicular Leydig (10, 23, 24) . In the present study, the protective effects of CAT against Cdinduced LDH leakage, lipid peroxidation, and ROS formation (Fig. 3, 5 ) suggest that H202 is one of the main ROS generated in Cd-treated MRC-5 cells and is responsible for the oxidative damage observed. On the other hand, SOD inhibited Cd-induced LDH leakage and lipid peroxidation (Fig.  3) , but failed to reduce DCF fluorescence formation in Cd-treated cells (Fig. 5) . Similar results were also found in some other studies (17, 25, 26) . Therefore, it seems that superoxide radicals play an important role in Cd-induced oxidative damage, although they are not directly involved in DCFH oxidation. As exogenous CAT and SOD are unable to pass the cell membrane freely, it has been suggested that CAT or SOD is able to enter cells through endocytosis, which is a relatively slow process (27, 28) . In the present study, CAT and SOD were either incubated together with Cd throughout the study (for the LDH and MDA tests) or preincubated for 6 hr before Cd treatment (for the DCF fluorescence test). It is thus believed that a significant amount of CAT or SOD entered MRC-5 cells to exert their protective effects.
Rh-123 is the most commonly used fluorescent probe for detecting MMP changes. It is believed that when Rh-123 accumulates electrophoretically in the mitochondrial matrix, its fluorescence is quenched due to stacking, aggregation, changes in polarity or ionization, and so forth (13) . Therefore, the dose-dependent increase of Rh-123 fluorescence in Cd-treated MRC-5 cells ( Environmental Health Perspectives * Volume 105, Number 7, July 1997
indicates the decrease of MMP, resulting in the release of the probe from mitochondrial matrix into cytoplasm. The close relationship between MMP changes, lipid peroxidation, and cell injury has been found in liver and renal cells (12, 13, 29 
